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ABSTRACT 
Sustainability takes an ever increasing importance in the food industry. Here not only the selection of 
raw materials plays a role, but also packaging materials. Nowadays there is an increasing number of 
biodegradable and bio-compostable packaging materials available.
However, these materials are still not able to replace mineral oil based packaging materials completely, 
nevertheless they are becoming increasingly important, since there must be solutions to problems such as 
pollution of the oceans by plastic waste, growing piles of rubbish from growing population, etc.
The following literature review shows briefly recent developments on plastic mimicking biopolymers, as 
these materials guarantee great potential in itself and a future wider application in the food industry. The 
presented biopolymers were systematically classified according to their origin (plant, animal, microbial), 
and special emphasis have been placed on packaging properties.
Finally, a forecast for the most promising materials and trends will be presented.
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1. INTRODUCTION
First of all, must be clarified what a biopolymer 
is. The term is often used in connection with bio-
plastic, bio-compostable plastic and bio-degradable 
plastic.
The word biopolymer itself is made up of three 
words. Each from the Greek bio(s) (life), poly (many) 
and méros (part). So, the name can be deduced as, 
biopolymers are chemical macromolecules of a 
natural and living origin. Currently, there is no offi-
cially accepted definition, but a general definition 
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can be found from Bhatt and Jaffe in Biopolymers 
in Medical Implants. It says: “Biopolymers are 
polymers synthesized by living organisms and are 
found in nature.”[1]. 
Building on this definition therefore it is 
possible to determine three categories of biopoly-
mers: biopolymers of plant origin, biopolymers of 
animal origin, biopolymers microbiological origin.
In accordance to the American Society for 
Testing and Materials ASTM bio-degradable mate-
rials are described as “capable of undergoing bio-
logical decomposition in a compost site as part of 
an available program, such that the plastic is not 
visually distinguishable and breaks down to carbon 
dioxide, water, inorganic compounds, and biomass, 
at a rate consistent with known compostable materi-
als (e.g. cellulose) and leaves no toxic residue.” [2].
2.  BIOPOLYMER MATERIALS
2.1 Biopolymers of Plant Origin
2.1.2 Starch & Starch derivate
Starch and cellulose are the two main carbohy-
drates in plants (algae included). Conventionally, 
starch is formed in a concentric arrangement around 
the hilum and consists of two components, namely 
amylose (linear) and amylopectin (hyper-branched). 
The formation of the starch takes place in the in the 
chloroplasts and their storage in the amyloplasts 
[3]. Starch and starch derivatives are leading when 
it comes to biopolymers. Strengths are the avail-
ability of a large scale (in 2014: 10.5M tonnes) 
and inexpensive, rapidly renewable raw materials. 
This makes starch competitive with mineral oil. In 
addition, the European Starch Industry Association 
AAP predicts for the chemical sector, an increase in 
the production of polymers based on starch of nearly 
50% in 2025 (in reference to 2010) expected [4].
Starch and its derivatives have a wide application 
range. Edible films and biologically completely 
degradable films can be produced. These films can 
also be combined with functional additives, such as 
antimicrobial, antioxidant, essential oils, phenols 
and active nanoparticles. Thus, these films may 
be adjusted depending on the application [5]. To 
produce starch films a combination of heat, pressure, 
time and plasticiser are required.  For the production 
of plain films extrusion is common praxis and the 
extruded good may be in a film or foam (or subse-
quently processed by for example microwaves into a 
foam). Press-moulding is applied if certain geomet-
ric shapes are desired [6]. These products are used 
in the form as a packaging material for fruits and 
vegetables (foam cups/trays) [7] and are nearly the 
only application of these products due to their high 
sensitivity to humidity.
This is called thermoplastic starch, there needs 
to be brought together for the extrusion/the press-
moulding starch with a plasticiser. Over time, sig-
nificant improvements in strength were achieved 
on starch films. To show the influence of plasti-
cisers that it is thus possible reduce the brittle-
ness of starch films [8]. The plasticiser also takes 
direct influence on the moisture content of the 
film, the permeability and solubility [9]. In par-
ticular glycerol and sorbitol are broadly used and 
promise stabile film [10]–[12].  However, the incor-
poration of antimicrobial proteins increases the 
brittleness [13]. Rheology/stretching properties and 
crystal structure of the films are strong influenced 
by the amylose:amylopectin ratio [14]. Interest-
ing results provide also recently published studies 
about the influence of senegalia catechu as colou-
rants in starch films. It turned out here that senega-
lia catechu improves the tensile strength at a level 
up to a maximum of 0.2% [15].
Due to the high oxygen permeability, high pro-
duction costs/ economic insufficiency, or sensitivity 
to moisture often blends are used [16].
PLA/starch blends are often used as a substitute 
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of polystyrene. It is used for example in the food 
industry as a disposable package in the form of 
boxes or trays [17].
PVA/starch blends are mechanically resistant, 
but have a poor moisture barrier properties and 
tensile strengths [18]. Currently PVA/starch blends 
do not have commercial importance due to high 
production costs compared to mineral oil-based 
packaging materials [19]. Currently the Fraunhofer 
Institute in Germany is researching to implement 
a commercial application for PVA/starch blends. 
The aim is to develop portion packs for detergents 
which dissolve after a predetermined time interval 
in water [20].
ILTPS/PBS-starch blends are promising future 
trends. These products have significantly improved 
tensile strength and elongation to break point 
compared to PBS/TPS blends [21].
PBS blends produced by thermoforming find 
use as packaging material of preserved baked goods 
in the form of trays [22]. 
Polylactic acid (PLA) derived from vegetable 
starch by metal catalysis or condensation [23]. It 
has high and increasing economic importance and 
is one of the most produced biopolymers worldwide 
[24].
To improve the tensile strength and mechani-
cal properties of starches it is widely used in starch 
blends, too [25], [26].
If PLA reinforced with bamboo charcoal, so 
it can be suitable due to the sorption properties 
of coal also good for the packaging of foodstuffs. 
PLA can also be added to bio-nanocomposite films 
to increase their gas barrier properties and thermal 
stability [27], [28]. PLA can also be processed well 
to tissues and serves as teabags and higher priced 
products. Frequently it is also used in cosmetics for 
the production of jars  [29], [30].
2.1.2 Cellulose & Cellulose derivate
Cellulose, which makes up 20 to 40% of the 
plant’s cell walls [31], is a homopolymer of glucose 
(β-1,4 linkage) [32]. Primarily it is obtained from 
wood, although there are microorganisms that syn-
thesise cellulose (e.g. Gluconacetobacter) [33]. 
There is great potential for cellulose for the coming 
years expected because it is the mostly abundant 
polymer on our planet [34].
Since cellulose itself is hydrophilic in its struc-
ture, insoluble in water and crystalline, no films can 
be produced from it. In the food industry, there are 
therefore only two known forms of application, Cel-
lophane and cellulose acetate. Both are commonly 
used for the packaging of processed meats, baked 
goods, cheese and confectionery, due to its good 
barrier properties [35].
Usually Cellophane is provided with a coating 
of PVDC or nitrocellulose wax. These coatings aim 
to improve the moisture barrier properties [36], 
[37]. A further limitation is also given by the fact 
that both materials are not hot-sealable [38].
Recent research deal with microbiological cel-
lulose biopolymers. Here, it is investigated how 
these polymers can be used in wound healing pro-
cesses, as a substitute for synthetic mesh [37]. 
Also wins the reinforcement of other polymers 
with cellulose fibre increasing interest for improv-
ing oxygen permeability, biodegradability, tensile 
strength, modulus, etc. [39]–[41]. 
Other applications are targeted at so-called cel-
lulosic electro active paper. Base is here Cellophane 
that is prepared in such a way that it can be used as 
a piezoelectric element [42]. Possible applications 
may here a completely biodegradable bio sensor 
which can be integrated on packaging.
Esterification of cellulose (single OH-groups) 
leading to thermoplastic properties. Here citrate 
and blends of citrates/derivatised oils are used 
(further used as substitute for environmentally 
harmful phthalates) as plasticiser [43]. Cellulose 
and cellulose/acrylic acid copolymer coatings have 
very good barrier properties against grease and are 
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showing similar effectiveness to mineral oil-based 
films [44].
2.1.3 Proteins
Wheat (Triticum L.), rice (Oryza L.), corn (Zea 
mays L.) and soybeans (Glycine max (L.) Merrill) 
are the four of the most important vegetable protein 
suppliers worldwide [45]. This makes these raw 
materials interesting for use as biopolymers, due 
to high availability and low cost compared to other 
crops.
Wheat gluten is a mixture of protein (90%), 
fat (8%) and carbohydrates (2%) - mainly pento-
sans. The interaction of water-insoluble pentosans 
(can bind water) and fats, which form a lipoprotein 
complex with the gluten is relevant for viscoelas-
tic properties [46]. This leads to the fact that these 
proteins are suitable for the production of films.
Gluten-based films have a low carbon dioxide 
and oxygen and a high water vapour permeability 
compared to mineral oil-based plastic films. The 
thickness of the film is in linear relationship to per-
meability of gases [47].
Studies by Barron et al. have shown that gluten 
biopolymer films are very suitable for the packaging 
of mushrooms and achieved better results than com-
mercial hydrophilic polyether polyamide copolymer 
packaging films [48].
On average soybeans consist of 40 to 45% 
protein and have an average lipid content of 18 to 
20%. Carbohydrates are representing about 35% 
(fibres included) [49].
Since plasticised soy protein is very brittle, 
plasticisers are used to tackle this problem. Most 
common is the use of glycerol [50]. 
It has been found that water vapour permeabil-
ity can be significantly improved by using a mixture 
of 40% glycerol to 6% soy protein isolate. Reason 
for this is that the formation of organised protein 
networks is reduced at low protein concentrations 
[51].
Similar to thermoplastics from wheat protein, 
thermoplastics of soy protein also show good grease 
resistance [52]. The hydrophobicity of soy protein 
isolates can descend when they are associated with 
glutaraldehyde (cross-linkage) [53].
Using thermal compaction technique stable and 
inexpensive films in scale-up can be produced, which 
has however only been studied on a laboratory scale 
[54].
Furthermore, attempts have been made to apply 
soy biopolymer coating on paperboard. A CaCl2 post-
treatment showed an improvement of the water barrier 
properties for these coated products. However, this is 
accompanied by a reduction in tensile strength. Agri-
cultural products and foods with high moisture content 
(e.g. fruits) would be potential applications [55].
Rice Proteins consist of 4 protein fractions: 
albumin, globulin, prolamin and glutenin. These 
together account for 41-42% of the rice grain, at a 
moisture content of 10.6% [56].
Research of rice bran films have shown that the 
pH influences the strength, oxygen permeability, water 
solubility and colour of the film largely, due to the solu-
bility of proteins. However, the pH takes no effect on 
the water vapour permeability [57]. Alkaline condi-
tions lead to stronger films, as well as a share of 2% 
glycerol as a plasticiser [58]. The practical application 
of rice bran film showed that the shelf life of strawber-
ries can be extended by 2 days (in combination with 
UV-C and ClO2) [59].
New approaches to the use of rice bran as a bio-
polymer as a replacement for PS uses the company 
Valueform Ltd in the UK. It does not aim to produce 
from films from rice bran, but moulded articles. A 
current research project together with the University of 
Reading examines the utility of such a moulded part 
for food intended packaging use (pizza) [60], [61]. A 
ratio of 25% to 75% rice starch glutenin exhibit accept-
able film strength without great influence on the water 
vapour permeability. The higher the concentration of 
rice proteins is, the thicker film layers can be produced 
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which, although increases the elongation at break point, 
but also reduces the tensile strength [62], [63].
Glycerol at a concentration of 30% leads to 
an optimum in reducing the brittleness of rice 
starch films for injection-moulding procedure [64]. 
However, the addition of glycerol and sorbitol as 
plasticiser leads to an increase in the water vapour 
permeability [65]. With phenols enriched films are 
effected on their tensile strength and opacity [66].
Zein are a group of proteins (prolamins) from 
corn, that occur as storage proteins in maize kernels 
(endosperms) [67].
Films made of zein are comparable with par-
tially etherified cellulose in their sorption and water 
barrier properties and have for protein films typical 
excellent barrier properties for greases [68].
The higher the aw value in the film, the lower 
is the transition from glass-like state to rubber-like 
state (glass transition) [69].
The addition of glycerol and sorbitol lowers the 
water vapour permeability, the addition of mannitol 
increases the “critical surface tension of wetting” 
[70] and the addition of sorbitol, manitol, and 
glycerol increases the surface tension [71].
Recent research by Ozcalik and Tihminlioglu 
(2013) showed that a PP/zein blends can be used as 
“flexible antimicrobial and antioxidant films with 
controlled release properties by using zein” for food 
packaging applications [72]. Active packaging also 
can also be produced from zein-wax composites 
and zein-fatty acid blends [73].
2.1.3 Saccharides
Pectin is found in plants and is incorporated 
especially in the primary cell walls [74]. The most 
important pectin supplier hereby are citrus plants, 
followed by apples [75]. In recent years, increas-
ingly research has been successfully performed, to 
produce active packaging films from pectin [76]–
[78]. As plasticiser for pectin films glycerol can be 
used [79].
2.2 Biopolymers of Animal Origin
2.2.1 (Poly)saccharides
Chitin and chitosan are in a number of organ-
isms present (e.g. exoskeleton of insects, fungi (no 
animal), crustacean) [80]. In industrial produc-
tion mainly by-products of shellfish processing 
are used for the production of chitin/chitosan, like 
cancer armor, crab shell, lobster shells [81]. Increas-
ingly, fungi or microorganisms are used [82], [83]. 
However, in the last year an increasing interest 
occurred in the production of biopolymers out of 
chitin/chitosan [84]. Several studies have shown that 
chitin/chitosan films have antimicrobial and anti-
fungal effects [85], [86] and is therefore well suited 
for the packaging of food and agricultural products. 
In addition, it is an ideal material for the develop-
ment of active packaging solutions and coatings, for 
example through the use of Lycium barbarum fruit 
extract in the biopolymer matrix [87] or as a coating 
for tomatoes after harvesting [88]. It is thus superior 
to mineral oil-based plastics in many ways.
2.2.2 Proteins
Keratin is a protein which occurs for example 
in hair, feathers, horns and skin and has a fibrous 
structure. Generally, a distinction is made between 
α- and β-keratin [89]. So far relatively little research 
has been done in terms of keratin, even if it is 
present cost-effective. The use of glycerol as plas-
ticiser, shows transparent, barrier strong and more 
than 100% stretchable films [90]. PHA/keratin films 
show in comparison to pure keratin film improved 
barrier properties, but also showed a lowered water, 
limonene and oxygen permeability by 50% [91]. 
Dialdehyde starch/keratin films have also been made 
into stable packaging films [92]. Currently, however, 
there is no commercial use for keratin biopolymers 
(exception textile and cosmetics industry) but they 
might have a potential for future applications.
Milk proteins mainly consist of two protein 
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fractions in particular casein (approximate 81%) 
and whey protein (approximate 19%) [46].
In particular, whey protein, which accumu-
lates a by-product of cheese manufacturing, has a 
growing interest in the production of biopolymers. 
The Fraunhofer Institute is currently conducting 
research on several projects with the industry on 
the use of biopolymers based on whey as a food 
packaging material or as a coating [93]. Sorbitol 
and glycerol can be equally used as a plasticizer, 
wherein glycerol leads to higher oxygen permeabil-
ity93. Here can be a trend towards active packaging 
observed with respect to antimicrobial and antifun-
gal function [94], [95].
2.3 Biopolymers of Microbiological Origin
2.3.1 PHA, PHB, PHBV
There are currently more than 300 known 
microorganisms producing polyhydroxyalkanoates 
(PHA) and its derivatives (PHB, PHBV, PLLA etc.). 
It is used in microorganisms for energy and carbon 
storage properties [96]. Brittleness and poor thermal 
and mechanical properties currently prevent com-
mercial use as packaging material [97]. These poor 
properties can be improved in use for starch blend 
or in the presence of plasticiser [98].
2.3.2 Microbial Cellulose
Acetobacter xylinum is the predominant micro-
organism for producing microbial cellulose. In this 
case the bacterium converts to sugar in cellulose, 
which is then won biotechnological [99].
Due to high purity it has for food packaging or 
coatings a good opportunity for future applications 
[100]. Anyway, this is not currently the case. Recent 
research, however, are focused on nanocomposites 
on bacterial cellulose-based, so as to develop active 
packaging [101], [102].
3.  CONCLUSION & FORECAST
The packaging and food industry is undergoing 
a transformation. More and more the trend towards 
environmentally friendly products is present. The 
field of biopolymers offers here a wide scope. Cur-
rently, there are only a few industrially widely used 
solutions, as PLAs, but a lot of research progress is 
perceivable, such as the use of plasticiser, nanocom-
posites, blends and reinforcements.
Recent scientific research focuses increasingly 
in the direction of developing functional coatings 
and active packaging concepts. Their functional-
ity has already been proved in laboratory scale. In 
addition, efforts are being made to make the pro-
duction of biopolymers industrially attractive, by 
the use of by-products from the food processing 
industry (e.g. whey proteins, rice bran).
Interesting is also the approach of the company 
Valueform Ltd, which produces first moulded 
articles from rice bran. This is a new use and has 
great potential as a replacement for PS. It would 
be attractive if these products might be suitable 
as active packaging materials (reducing spoilage, 
moisture blocking capability, etc.) by using coatings 
or new formulations, which is still under investiga-
tion.
Such a product would appear also in direct com-
petition with cellulose/lignin, which are still mainly 
produced from wood fibres, and thus counteract an 
increasing deforestation.
Cellulose extracted from microorganisms are 
bidding potential, but are still too expensive and 
therefore only used in the pharmaceutical industry 
and other highly specialised industries. However, 
high-purity products can be produced by microor-
ganism.
Polymers of starch are one of the most studied 
materials. Starch is readily available and can be 
obtained from annually harvests. These products 
are currently most developed and also provide the 
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basis for PLAs. However, these products could be in 
times of population increase in the criticism, because 
usable space for food production has to be sacrificed 
(similar criticism is currently present in the produc-
tion of bio-ethanol).
Certainly, the market share and the importance of 
biopolymers will grow, since mineral oil is a limited 
resource and is also harmful to the environment.
4.  REFERENCES
[1] R. Bhatt and M. Jaffe, ‘Biopolymers 
in Medical Implants’, in Excipient 
Applications in Formulation Design and 
Drug Delivery, A. S. Narang and S. H. S. 
Boddu, Eds. Cham: Springer International 
Publishing, 2015, pp. 311–348.
[2] ASTM.D6002-96(2002)e1, ‘Withdrawn 
Standard: ASTM D6002-96(2002)
e1 Standard Guide for Assessing the 
Compostability of Environmentally 
Degradable Plastics (Withdrawn 2011)’. 
2011.
[3] R. F. Evert and S. E. Eichborn, Esau’s 
Plant anatomy, 3rd ed. Hoboken, N.J.: 
Wiley-Interscience, 2006.
[4] Association des Amidonniers et Féculliers, 
‘The starch sector’s contribution towards a 
bioeconomy in 2020’, Brussel, 2012.
[5] L. Sánchez-González, E. Arab-Tehrany, 
M. Cháfer, C. González-Martínez, and A. 
Chiralt, ‘Active Edible and Biodegradable 
Starch Films’, in Polysaccharides, Cham: 
Springer International Publishing, 2014, 
pp. 1–15.
[6] H. Chanvrier, L. Chaunier, G. Della Valle, 
and D. Lourdin, ‘Flow and foam properties 
of extruded maize flour and its biopolymer 
blends expanded by microwave’, Food Res. 
Int., vol. 76, pp. 567–575, Oct. 2015.
[7] N. Kaisangsri, O. Kerdchoechuen, and 
N. Laohakunjit, ‘Characterization of 
cassava starch based foam blended with 
plant proteins, kraft fiber, and palm oil’, 
Carbohydr. Polym., vol. 110, pp. 70–77, 
Sep. 2014.
[8] V. Sessini, M. P. Arrieta, J. M. Kenny, 
and L. Peponi, ‘Processing of edible films 
based on nanoreinforced gelatinized 
starch’, Polym. Degrad. Stab., vol. 132, pp. 
157–168, Oct. 2016.
[9] A. K. Mohanty, M. Misra, and G. 
Hinrichsen, ‘Biofibres, biodegradable 
polymers and biocomposites: An 
overview’, Macromol. Mater. Eng., vol. 
276–277, no. 1, pp. 1–24, Mar. 2000.
[10] S. M. A. Razavi, A. Mohammad Amini, 
and Y. Zahedi, ‘Characterisation of a new 
biodegradable edible film based on sage 
seed gum: Influence of plasticiser type and 
concentration’, Food Hydrocoll., vol. 43, 
pp. 290–298, Jan. 2015.
[11] B. Adhikari, D. S. Chaudhary, and E. 
Clerfeuille, ‘Effect of Plasticizers on the 
Moisture Migration Behavior of Low-
Amylose Starch Films during Drying’, 
Dry. Technol., vol. 28, no. 4, pp. 468–480, 
Mar. 2010.
[12] S. Gaudin, D. Lourdin, D. Le Botlan, J. 
L. Ilari, and P. Colonna, ‘Plasticisation 
and Mobility in Starch-Sorbitol Films’, J. 
Cereal Sci., vol. 29, no. 3, pp. 273–284, 
May 1999.
[13] O. Moreno, L. Atarés, and A. Chiralt, 
‘Effect of the incorporation of 
antimicrobial/antioxidant proteins on 
the properties of potato starch films’, 
Carbohydr. Polym., vol. 133, pp. 353–364, 
 Journal of Applied Packaging Research           54 
Nov. 2015.
[14] Å. Rindlav-Westling, M. Stading, and P. 
Gatenholm, ‘Crystallinity and Morphology 
in Films of Starch, Amylose and 
Amylopectin Blends’, Biomacromolecules, 
vol. 3, no. 1, pp. 84–91, Jan. 2002.
[15] M. Z. I. Mollah, N. Akter, F. B. Quader, S. 
Sultana, and R. A. Khan, ‘Biodegradable 
Colour Polymeric Film (Starch-Chitosan) 
Development: Characterization for 
Packaging Materials’, Open J. Org. Polym. 
Mater., vol. 6, no. 1, pp. 11–24, 2016.
[16] B. Imre and B. Pukánszky, 
‘Compatibilization in bio-based and 
biodegradable polymer blends’, Eur. 
Polym. J., vol. 49, no. 6, pp. 1215–1233, 
Jun. 2013.
[17] U. Suwanmanee, V. Varabuntoonvit, 
P. Chaiwutthinan, M. Tajan, T. 
Mungcharoen, and T. Leejarkpai, ‘Life 
cycle assessment of single use thermoform 
boxes made from polystyrene (PS), 
polylactic acid, (PLA), and PLA/starch: 
cradle to consumer gate’, Int. J. Life Cycle 
Assess., vol. 18, no. 2, pp. 401–417, Feb. 
2013.
[18] E. E. Tănase, M. E. Popa, M. Râpă, and 
O. Popa, ‘Preparation and characterization 
of biopolymer blends based on polyvinyl 
alcohol and starch’, Rom. Biotechnol. 
Lett., vol. 20, no. 2, pp. 10306–10315, 
2016.
[19] S. Alavi, S. Thomas, K. P. Sandeep, N. 
Kalarikkal, J. Varghese, and S. Yaragalla, 
Eds., ‘Bionanocomposites and Their 
Potential Applications in Food Packaging’, 
in Polymers for Packaging Applications, 
Boca Raton, 2015, pp. 229–263.
[20] Fraunhofer Institut für Verfahrenstechnik 
und Verpackung IVV, ‘Maßgeschneiderte 
PVOH Löslichkeit’, 2015. .
[21] D. Liu, Z. Qi, Y. Zhang, J. Xu, and B. 
Guo, ‘Poly(butylene succinate) (PBS)/
ionic liquid plasticized starch blends: 
Preparation, characterization, and 
properties’, Starch - Stärke, vol. 67, no. 
9–10, pp. 802–809, Sep. 2015.
[22] J. A. Ratto, P. J. Stenhouse, M. Auerbach, 
J. Mitchell, and R. Farrell, ‘Processing, 
performance and biodegradability of a 
thermoplastic aliphatic polyester/starch 
system’, Polymer (Guildf)., vol. 40, no. 24, 
pp. 6777–6788, Nov. 1999.
[23] L. T. Sin, A. R. Rahmat, and W. A. W. A. 
Rahman, Polylactic acid. Norwich N.Y.; 
Oxford: William Andrew, 2012.
[24] H.-J. Endres and A. Siebert-Raths, 
Engineering Biopolymers. München: Carl 
Hanser Verlag GmbH &amp; Co. KG, 
2011.
[25] T. Ke and X. Sun, ‘Physical Properties of 
Poly(Lactic Acid) and Starch Composites 
with Various Blending Ratios 1’, Cereal 
Chem., vol. 77, no. 6, pp. 761–768, Nov. 
2000.
[26] T. Ke, ‘No Title’, J. Polym. Environ., vol. 
11, no. 1, pp. 7–14, 2003.
[27] M. Ho, K. Lau, H. Wang, and D. Hui, 
‘Improvement on the properties of 
polylactic acid (PLA) using bamboo 
charcoal particles’, Compos. Part B Eng., 
vol. 81, pp. 14–25, Nov. 2015.
[28] J.-W. Rhim, ‘Effect of PLA lamination 
on performance characteristics of agar/κ-
carrageenan/clay bio-nanocomposite film’, 
Food Res. Int., vol. 51, no. 2, pp. 714–722, 
May 2013.
Developments and Properties of Plastic Mimicking Biopolymers            55 
[29] A. Jordá-Vilaplana, L. Sánchez-Nácher, 
D. García-Sanoguera, A. Carbonell, 
and J. M. Ferri, ‘Effects of aging on the 
adhesive properties of poly(lactic acid) by 
atmospheric air plasma treatment’, J. Appl. 
Polym. Sci., vol. 133, no. 11, Mar. 2016.
[30] S. W. Foss and J. M. Turra, ‘Teabags and 
Coffee/Beverage Pouches Made From 
Mono-component, Mono-constituent 
Polylactic Acid (PLA) Fibers’, US 
20140242309 A1, 2014.
[31] A. Jones, Environmental biology. London: 
Routledge TS, 1997.
[32] R. Brambl and G. A. Marzluf, 
Biochemistry and Molecular Biology. 
Berlin, Heidelberg: Springer Berlin 
Heidelberg, 2004.
[33] A. Dufresne, S. Thomas, and L. A. 
Pothan, Biopolymer Nanocomposites. 
Hoboken, NJ, USA: John Wiley & Sons, 
Inc., 2013.
[34] D. Klemm, B. Heublein, H.-P. Fink, and A. 
Bohn, ‘Cellulose: Fascinating Biopolymer 
and Sustainable Raw Material’, Angew. 
Chemie Int. Ed., vol. 44, no. 22, pp. 3358–
3393, May 2005.
[35] P. A. Pawar and A. H. Purwar, 
‘Bioderadable Polymers in Food 
Packaging’, Am. J. Eng. Res., vol. 2, no. 5, 
pp. 151–164, 2013.
[36] P. M. Hauser and A. D. McLaren, 
‘Permeation through and Sorption of 
Water Vapor by High Polymers’, Ind. Eng. 
Chem., vol. 40, no. 1, pp. 112–117, Jan. 
1948.
[37] W. Czaja, A. Krystynowicz, S. Bielecki, 
and R. Brownjr, ‘Microbial cellulose—
the natural power to heal wounds’, 
Biomaterials, vol. 27, no. 2, pp. 145–151, 
Jan. 2006.
[38] C. A. S. Hill, An introduction to 
sustainable resource use. London: 
Earthscan TS, 2011.
[39] L. Petersson and K. Oksman, ‘Biopolymer 
based nanocomposites: Comparing layered 
silicates and microcrystalline cellulose 
as nanoreinforcement’, Compos. Sci. 
Technol., vol. 66, no. 13, pp. 2187–2196, 
Oct. 2006.
[40] S. Coulibaly et al., ‘Reinforcement of 
Optically Healable Supramolecular 
Polymers with Cellulose Nanocrystals’, 
Macromolecules, vol. 47, no. 1, pp. 
152–160, Jan. 2014.
[41] K.-Y. Lee, Y. Aitomäki, L. A. Berglund, 
K. Oksman, and A. Bismarck, ‘On the 
use of nanocellulose as reinforcement in 
polymer matrix composites’, Compos. Sci. 
Technol., vol. 105, pp. 15–27, Dec. 2014.
[42] J. Kim, S. Yun, and Z. Ounaies, 
‘Discovery of Cellulose as a Smart 
Material’, Macromolecules, vol. 39, no. 12, 
pp. 4202–4206, Jun. 2006.
[43] S. Sinharay and M. Bousmina, 
‘Biodegradable polymers and their layered 
silicate nanocomposites: In greening the 
21st century materials world’, Prog. Mater. 
Sci., vol. 50, no. 8, pp. 962–1079, Nov. 
2005.
[44] E. Saarikoski, H. Rautkoski, M. Rissanen, 
J. Hartman, and J. Seppälä, ‘Cellulose/
acrylic acid copolymer blends for films 
and coating applications’, J. Appl. Polym. 
Sci., vol. 131, no. 10, p. 40286, May 2014.
[45] FAOSTAT, ‘Food and Agriculture 
Organization of the United Nations’, 2015. 
[Online]. Available: http://faostat3.fao.org/
browse/Q/QC/E.
 Journal of Applied Packaging Research           56 
[46] H.-D. Belitz, W. Grosch, and P. Schieberle, 
Food Chemistry, 4th rev. a. Berlin, 
Heidelberg: Springer Berlin Heidelberg, 
2009.
[47] H. J. Park and M. S. Chinnan, ‘Gas 
and water vapor barrier properties of 
edible films from protein and cellulosic 
materials’, J. Food Eng., vol. 25, no. 4, pp. 
497–507, Jan. 1995.
[48] C. Barron, P. Varoquaux, S. Guilbert, 
N. Gontard, and B. Gouble, ‘Modified 
Atmosphere Packaging of Cultivated 
Mushroom (Agaricus bisporus L.) with 
Hydrophilic Films’, J. Food Sci., vol. 67, 
no. 1, pp. 251–255, Jan. 2002.
[49] J. C. Cheftel, J. L. Cuq, and D. Lorient, 
Protéines Alimentaires. Paris: Tec. & Doc. 
Lavoisier M4  - Citavi, 1985.
[50] J. Zhang, P. Mungara, and J. Jane, 
‘Mechanical and thermal properties of 
extruded soy protein sheets’, Polymer 
(Guildf)., vol. 42, no. 6, pp. 2569–2578, 
Mar. 2001.
[51] S. Kokoszka, F. Debeaufort, A. 
Hambleton, A. Lenart, and A. Voilley, 
‘Protein and glycerol contents affect 
physico-chemical properties of soy protein 
isolate-based edible films’, Innov. Food 
Sci. Emerg. Technol., vol. 11, no. 3, pp. 
503–510, Jul. 2010.
[52] H. J. Park, S. H. Kim, S. T. Lim, D. 
H. Shin, S. Y. Choi, and K. T. Hwang, 
‘Grease resistance and mechanical 
properties of isolated soy protein-coated 
paper’, J. Am. Oil Chem. Soc., vol. 77, no. 
3, pp. 269–273, Mar. 2000.
[53] S. K. Park, D. H. Bae, and K. C. Rhee, 
‘Soy protein biopolymers cross-linked 
with glutaraldehyde’, J. Am. Oil Chem. 
Soc., vol. 77, no. 8, pp. 879–884, Aug. 
2000.
[54] P. Cunningham, A. A. Ogale, P. L. 
Dawson, and J. C. Acton, ‘Tensile 
Properties of Soy Protein Isolate Films 
Produced by a Thermal Compaction 
Technique’, J. Food Sci., vol. 65, no. 4, pp. 
668–671, May 2000.
[55] J.-W. Rhim, J.-H. Lee, and S.-I. Hong, 
‘Water resistance and mechanical 
properties of biopolymer (alginate and soy 
protein) coated paperboards’, LWT - Food 
Sci. Technol., vol. 39, no. 7, pp. 806–813, 
Sep. 2006.
[56] V. W. Padhye and D. K. Salunkhe, 
‘Extraction and Characterization of Rice 
Proteins’, Cereal Chem., vol. 56, no. 5, pp. 
289–393, 1979.
[57] R. Gnanadambandam, N. S. Hettiarachchy, 
and M. Coleman, ‘Mechanical and Barrier 
Properties of Rice Bran Films’, J. Food 
Sci., vol. 62, no. 2, pp. 395–398, Mar. 
1997.
[58] A. P. Adebiyi, A. O. Adebiyi, D.-H. Jin, 
T. Ogawa, and K. Muramoto, ‘Rice bran 
protein-based edible films’, Int. J. Food 
Sci. Technol., vol. 43, no. 3, pp. 476–483, 
Mar. 2008.
[59] Y.-J. Shin, H.-Y. Song, and K. Bin Song, 
‘Effect of a combined treatment of rice 
bran protein film packaging with aqueous 
chlorine dioxide washing and ultraviolet-C 
irradiation on the postharvest quality of 
“Goha” strawberries’, J. Food Eng., vol. 
113, no. 3, pp. 374–379, Dec. 2012.
[60] Valueform Ltd, ‘Valueform’, 2016. 
[Online]. Available: https://www.vuelform.
biz.
[61] U. of Reading, ‘No Title’, Amaizeing!, vol. 
Developments and Properties of Plastic Mimicking Biopolymers            57 
1, no. Autumn, p. 1, 2005.
[62] D. Thirathumthavorn and W. 
Thongunruan, ‘Incorporation of Rice 
Starch Affecting on Morphology, 
Mechanical Properties and Water Vapor 
Permeability of Glutelin-based Composite 
Films’, J. Food Process. Preserv., vol. 38, 
no. 4, pp. 1799–1806, Aug. 2014.
[63] S. Somboonsub and S. 
Thawornchinsombut, ‘Effect of rice 
bran protein and cassava starch ratio 
on physical, mechanical and structural 
properties of rice bran protein-cassava 
starch composite film’, J. Food Sci. Agric. 
Technol., vol. 1, no. 1, pp. 63–67, 2015.
[64] M. Félix, A. Lucio-Villegas, A. Romero, 
and A. Guerrero, ‘Development of rice 
protein bio-based plastic materials 
processed by injection molding’, Ind. 
Crops Prod., vol. 79, pp. 152–159, Jan. 
2016.
[65] N. Laohakunjit and A. Noomhorm, ‘Effect 
of Plasticizers on Mechanical and Barrier 
Properties of Rice Starch Film’, Starch - 
Stärke, vol. 56, no. 8, pp. 348–356, Aug. 
2004.
[66] C. G. Schmidt, M. A. Cerqueira, A. A. 
Vicente, J. A. Teixeira, and E. B. Furlong, 
‘Rice bran protein-based films enriched 
by phenolic extract of fermented rice bran 
and montmorillonite clay’, CyTA - J. Food, 
vol. 13, no. 2, pp. 204–212, Apr. 2015.
[67] F. A. Momany, D. J. Sessa, J. W. Lawton, 
G. W. Selling, S. A. H. Hamaker, and J. 
L. Willett, ‘Structural Characterization of 
α-Zein’, J. Agric. Food Chem., vol. 54, no. 
2, pp. 543–547, Jan. 2006.
[68] M. I. Beck, I. Tomka, and E. Waysek, 
‘Physico-chemical characterization of 
zein as a film coating polymer: A direct 
comparison with ethyl cellulose’, Int. J. 
Pharm., vol. 141, no. 1–2, pp. 137–150, 
Sep. 1996.
[69] C. Panchapakesan, N. Sozer, H. Dogan, 
Q. Huang, and J. L. Kokini, ‘Effect 
of different fractions of zein on the 
mechanical and phase properties of zein 
films at nano-scale’, J. Cereal Sci., vol. 55, 
no. 2, pp. 174–182, Mar. 2012.
[70] W. A. Zisman, ‘Relation of the 
Equilibrium Contact Angle to Liquid and 
Solid Constitution’, 1964, pp. 1–51.
[71] B. Ghanbarzadeh, A. Oromiehie, M. 
Mousavi, and J. Milani, ‘Investigation of 
water vapour permeability, hydrophobicity 
and morphology of zein films plasticized 
by polyols’, Iran. Polym. J., vol. 15, no. 9, 
pp. 691–700, 2016.
[72] O. Ozcalik and F. Tihminlioglu, ‘Barrier 
properties of corn zein nanocomposite 
coated polypropylene films for food 
packaging applications’, J. Food Eng., vol. 
114, no. 4, pp. 505–513, Feb. 2013.
[73] I. Arcan and A. Yemenicioğlu, 
‘Development of flexible zein–wax 
composite and zein–fatty acid blend films 
for controlled release of lysozyme’, Food 
Res. Int., vol. 51, no. 1, pp. 208–216, Apr. 
2013.
[74] W. G. T. Willats, L. McCartney, W. 
Mackie, and J. P. Knox, ‘No Title’, Plant 
Mol. Biol., vol. 47, no. 1/2, pp. 9–27, 2001.
[75] P. Srivastava and R. Malviya, ‘Sources of 
pectin, extraction and its implications in 
pharmaceutical industry’, Indian J. Nat. 
Prod. Resour., vol. 2, no. 1, pp. 10–18, 
2011.
[76] P. J. P. Espitia, R. J. Avena-Bustillos, 
 Journal of Applied Packaging Research           58 
W.-X. Du, R. F. Teófilo, N. F. F. Soares, 
and T. H. McHugh, ‘Optimal antimicrobial 
formulation and physical–mechanical 
properties of edible films based on açaí 
and pectin for food preservation’, Food 
Packag. Shelf Life, vol. 2, no. 1, pp. 38–49, 
Sep. 2014.
[77] C. D. Pérez, M. D. De’Nobili, S. A. Rizzo, 
L. N. Gerschenson, A. M. Descalzo, and 
A. M. Rojas, ‘High methoxyl pectin–
methyl cellulose films with antioxidant 
activity at a functional food interface’, J. 
Food Eng., vol. 116, no. 1, pp. 162–169, 
May 2013.
[78] A. C. K. Bierhalz, M. A. da Silva, and T. 
G. Kieckbusch, ‘Natamycin release from 
alginate/pectin films for food packaging 
applications’, J. Food Eng., vol. 110, no. 1, 
pp. 18–25, May 2012.
[79] C. V. L. Giosafatto, P. Di Pierro, P. 
Gunning, A. Mackie, R. Porta, and 
L. Mariniello, ‘Characterization of 
Citrus pectin edible films containing 
transglutaminase-modified phaseolin’, 
Carbohydr. Polym., vol. 106, pp. 200–208, 
Jun. 2014.
[80] R. A. A. Muzzarelli, J. Boudrant, D. 
Meyer, N. Manno, M. DeMarchis, and 
M. G. Paoletti, ‘Current views on fungal 
chitin/chitosan, human chitinases, food 
preservation, glucans, pectins and inulin: 
A tribute to Henri Braconnot, precursor of 
the carbohydrate polymers science, on the 
chitin bicentennial’, Carbohydr. Polym., 
vol. 87, no. 2, pp. 995–1012, Jan. 2012.
[81] F. Shahidi and J. Synowiecki, ‘Isolation 
and characterization of nutrients and 
value-added products from snow crab 
(Chionoecetes opilio) and shrimp 
(Pandalus borealis) processing discards’, 
J. Agric. Food Chem., vol. 39, no. 8, pp. 
1527–1532, Aug. 1991.
[82] A. Batista, M. Silva, J. Batista, A. 
Nascimento, and G. Campos-Takaki, 
‘Eco-Friendly Chitosan Production 
by Syncephalastrum racemosum and 
Application to the Removal of Acid 
Orange 7 (AO7) from Wastewaters’, 
Molecules, vol. 18, no. 7, pp. 7646–7660, 
Jul. 2013.
[83] J. Vázquez, I. Rodríguez-Amado, M. 
Montemayor, J. Fraguas, M. González, 
and M. Murado, ‘Chondroitin Sulfate, 
Hyaluronic Acid and Chitin/Chitosan 
Production Using Marine Waste Sources: 
Characteristics, Applications and Eco-
Friendly Processes: A Review’, Mar. 
Drugs, vol. 11, no. 3, pp. 747–774, Mar. 
2013.
[84] I. Younes and M. Rinaudo, ‘Chitin and 
Chitosan Preparation from Marine 
Sources. Structure, Properties and 
Applications’, Mar. Drugs, vol. 13, no. 3, 
pp. 1133–1174, Mar. 2015.
[85] S. N. Adila, N. E. Suyatma, A. S. 
Firlieyanti, and A. Bujang, ‘Antimicrobial 
and Physical Properties of Chitosan Film 
as Affected by Solvent Types and Glycerol 
as Plasticizer’, Adv. Mater. Res., vol. 748, 
pp. 155–159, Aug. 2013.
[86] A. K. Dutta et al., ‘Facile preparation 
of surface N-halamine chitin nanofiber 
to endow antibacterial and antifungal 
activities’, Carbohydr. Polym., vol. 115, pp. 
342–347, Jan. 2015.
[87] Q. Wang, F. Tian, Z. Feng, X. Fan, Z. Pan, 
and J. Zhou, ‘Antioxidant activity and 
physicochemical properties of chitosan 
films incorporated with Lycium barbarum 
Developments and Properties of Plastic Mimicking Biopolymers            59 
fruit extract for active food packaging’, 
Int. J. Food Sci. Technol., vol. 50, no. 2, 
pp. 458–464, Feb. 2015.
[88] M. S. Benhabiles et al., ‘Assessment of 
coating tomato fruit with shrimp shell 
chitosan and N,O-carboxymethyl chitosan 
on postharvest preservation’, J. Food 
Meas. Charact., vol. 7, no. 2, pp. 66–74, 
Jun. 2013.
[89] R. Garrett and C. M. Grisham, 
Biochemistry, 5th ed. Belmont CA: 
Brooks/Cole Cengage Learning, 2013.
[90] J. R. Barone, W. F. Schmidt, and C. F. E. 
Liebner, ‘Thermally processed keratin 
films’, J. Appl. Polym. Sci., vol. 97, no. 4, 
pp. 1644–1651, Aug. 2005.
[91] P. Pardo-Ibáñez, A. Lopez-Rubio, M. 
Martínez-Sanz, L. Cabedo, and J. M. 
Lagaron, ‘Keratin-polyhydroxyalkanoate 
melt-compounded composites with 
improved barrier properties of interest 
in food packaging applications’, J. Appl. 
Polym. Sci., vol. 131, no. 4, Feb. 2014.
[92] Y. Dou, X. Huang, B. Zhang, M. He, 
G. Yin, and Y. Cui, ‘Preparation and 
characterization of a dialdehyde starch 
crosslinked feather keratin film for food 
packaging application’, RSC Adv., vol. 5, 
no. 34, pp. 27168–27174, 2015.
[93] Fraunhofer Institut für Verfahrenstechnik 
und Verpackung IVV, ‘Entwicklung 
von Verpackungskonzepten auf Basis 
von nachwachsenden Rohstoffen 
– Biopolymere in Papier- und 
Folienanwendungen’, 2016. .
[94] A. C. Seydim and G. Sarikus, 
‘Antimicrobial activity of whey protein 
based edible films incorporated with 
oregano, rosemary and garlic essential 
oils’, Food Res. Int., vol. 39, no. 5, pp. 
639–644, Jun. 2006.
[95] K. G. Zinoviadou, K. P. Koutsoumanis, 
and C. G. Biliaderis, ‘Physico-chemical 
properties of whey protein isolate 
films containing oregano oil and their 
antimicrobial action against spoilage flora 
of fresh beef’, Meat Sci., vol. 82, no. 3, pp. 
338–345, Jul. 2009.
[96] S. Y. Lee, J. Choi, and H. H. Wong, 
‘Recent advances in polyhydroxyalkanoate 
production by bacterial fermentation: 
mini-review’, Int. J. Biol. Macromol., vol. 
25, no. 1–3, pp. 31–36, Jun. 1999.
[97] V. P. Cyras, C. M. Soledad, and V. Analía, 
‘Biocomposites based on renewable 
resource’, Polymer (Guildf)., vol. 50, no. 
26, pp. 6274–6280, 2009.
[98] V. Jost and H.-C. Langowski, ‘Effect of 
different plasticisers on the mechanical 
and barrier properties of extruded cast 
PHBV films’, Eur. Polym. J., vol. 68, pp. 
302–312, Jul. 2015.
[99] F. D. E. Goelzer, P. C. S. Faria-Tischer, J. 
C. Vitorino, M.-R. Sierakowski, and C. A. 
Tischer, ‘Production and characterization 
of nanospheres of bacterial cellulose from 
Acetobacter xylinum from processed rice 
bark’, Mater. Sci. Eng. C, vol. 29, no. 2, pp. 
546–551, Mar. 2009.
[100] Z. Shi, Y. Zhang, G. O. Phillips, and G. 
Yang, ‘Utilization of bacterial cellulose 
in food’, Food Hydrocoll., vol. 35, pp. 
539–545, Mar. 2014.
[101] A. Llorens, E. Lloret, P. A. Picouet, R. 
Trbojevich, and A. Fernandez, ‘Metallic-
based micro and nanocomposites in 
food contact materials and active food 
packaging’, Trends Food Sci. Technol., 
 Journal of Applied Packaging Research           60 
vol. 24, no. 1, pp. 19–29, Mar. 2012.
[102] A. Khan, T. Huq, R. A. Khan, B. Riedl, 
and M. Lacroix, ‘Nanocellulose-Based 
Composites and Bioactive Agents for Food 
Packaging’, Crit. Rev. Food Sci. Nutr., vol. 
54, no. 2, pp. 163–174, Jan. 2014.
